that the EGFR regulates the expression of its own negative regulator.
During late oogenesis, EGFR activity is regulated by all of these mechanisms, and its precise activity is critical in specifying the proper pattern of the chorion and embryo (review by Ray and Schupbach, 1996) . Thus, function of the EGFR during oogenesis provides an excellent paradigm to characterize the quantitative regulation of the EGFR and determine if additional components of this pathway exist. In response to Grk signaling from the oocyte, activation of the EGFR in follicle cells follows a dynamic pattern. In early egg chambers, Grk first activates the EGFR pathway in posterior follicle cells. Subsequently, around stage 7, grk transcripts become localized to the anterodorsal corner of the oocyte and signal to adjacent follicle cells to define their dorsal fates. Activated EGFR molecules regulate transcription through the Ras/Raf/MEK/MAPK cassette in follicle cells (Brand and Perrimon, 1994; Hsu and Perrimon, 1994; Schnorr and Berg, 1996) . In a screen to identify downstream genes regulated by the EGFR in follicle cells, we have identified the gene kekkon 1 (kek1), which encodes a single pass transmembrane protein with features of a cell adhesion molecule with leucine-rich repeats (LRR) and immunoglobulin (Ig) motifs (Musacchio and Perrimon, 1996), as a target gene. We demonstrate that endogenous kek1 acts in an inhibitory manner: loss of kek1 lacZ expression reflects accurately the expression of (C-H) are stage 10 egg chambers oriented with dorsal up. Anterior is to the left in all panels.
kek1 both in wild-type (WT) and in mutant backgrounds (data not shown).
To establish a regulatory link between the transcripet al., 1997; Sapir et al., 1998), revealing that kek-lacZ tional regulation of kek1 in the follicle cell epithelium expression is transcriptionally regulated by the Grk/ and the Grk/EGFR signaling pathway, we examined kek-EGFR/Draf pathway. Expression of an activated form of lacZ expression in mutants for grk, egfr, and the kinase Draf resulted in the ubiquitous expression of kek-lacZ Draf that is both necessary and sufficient for EGFR sigwithin the follicular epithelium ( Figure 1F ). naling in follicle cells (Brand and Perrimon, 1994) . In
To further analyze the role of the Grk/EGFR pathway each case, the dorsal-anterior gradient of kek-lacZ exin the transcriptional control of kek-lacZ, we mislocalpression was abolished or severely diminished (Figures ized the subcellular localization of grk mRNAs by disrupting the oocyte cytoskeletal network ( Figure 1G ). 1D and 1E; see also Brand and Perrimon, 1994; Queenan Kek1 Inhibits the Activity of the Ras/Raf/MEK/MAPK Cassette during oogenesis, we tested the effect of overexpressing kek1 in the follicle cells using the GAL4/UAS system To determine whether Kek1 blocks the signaling activity of the EGFR, we tested whether ectopic expression of (Brand and Perrimon, 1993).
When kek1 is expressed under the control of the GAL4 kek1 blocks the transcriptional activation of target genes regulated by the EGFR/Ras/Raf/MEK/MAPK pathway in line T155, which drives expression all over the follicle cell epithelium beginning at stage 9 (Harrison et al., 1995; follicle cells. Since kek1 is a target of this pathway, we used kek-lacZ as a reporter for this experiment. OverexQueenan et al., 1997), 100% of the resulting eggs are longer than the WT eggs and have a reduction or a pression of kek1 using the Gal4 driver T155 was associated with a strong but not complete reduction of kekcomplete loss of dorsal appendages (cf. Figure 2B1 with the WT in Figure 2A1 ). This loss of dorsal appendage lacZ expression (cf. Figure 3B to WT in Figure 3A ). Using a stronger Gal4 line, CY2 (Queenan et al., 1997), a commaterial is due to a ventralization of the eggshell, a phenotype associated with egfr, or grk loss-of-function plete disappearance of kek-lacZ expression was observed ( Figure 3C ). These data are consistent with the mutations (Schupbach, 1987 as when multiple copies of the transgenes were added. This suggests that Kek1 extra is less stable than the fulllength Kek1 molecule or that the cytoplasmic domain is overridden by the constitutive activation of the EGFR of Kek1 participates to some extent in the inhibition. or Draf (Figure 4) . Figures 6A2 and 6A3) . We conclude that physically with the EGFR and that this interaction is loss of kek1 activity during oogenesis leads to mildly responsible for the inhibitory effect. When both Kek1 dorsalized eggs.
and Torso were coexpressed in Sf9 cells, no Torso was To substantiate the functional relationship between coprecipitated by Kek1 ( Figure 7A ), suggesting a selecKek1 and the Grk/EGFR signaling pathway during ootivity of Kek1 for binding to the EGFR. genesis, we examined the effects of a loss of Kek1
Because the extracellular and transmembrane poractivity in two different genetic backgrounds. First we tions of Kek1 are essential for the inhibitory effect, we tested if an increase in the level of Grk molecules can examined whether these portions of Kek1 are able to generate a stronger phenotype in the absence of kek1. bind to the EGFR. As shown in Figure 7B , the extracelluPreviously, Neuman-Silberberg and Schupbach (1994) lar domain, but not the intracellular domain, of Kek1 can showed that females carrying four copies of a transgene bind to the EGFR. Thus, we propose that the inhibitory expressing grk (P[grk] ), in addition to the two endogeeffect of the EGFR by Kek1 is mediated through direct nous copies, lay a significant fraction of partially or seassociation of the extracellular and transmembrane domains of Kek1 with the EGFR. verely dorsalized eggs. In contrast, females that carry . (C3) kek1 RA5 egfr QY1 /kek1 RM2 egfr 2E07 . In addition to the recovery of the two dorsal appendages, the length of the chorion has also become similar in length to WT.
Discussion
The Function of Kek1 in Patterning of the Follicle Cell Epithelium During oogenesis, Grk derived from the oocyte activates We have identified the transmembrane protein Kek1 as in a paracrine fashion the EGFR in dorsal follicle cells. a molecule that acts in a negative feedback loop to Recent work from Wasserman and Freeman (1998) has modulate the activity of the Drosophila EGFR tyrosine shown that this paracrine signaling leads to the activakinase during oogenesis. We provide loss-of-function, tion of a second phase of signaling, whereby the EGFR ectopic overexpression, and biochemical evidence to activity is amplified among follicle cells themselves. Dursupport this. First, eggs laid by females that lack kek1 ing this second phase, the EGFR activates a number of gene activity are weakly dorsalized, and loss of kek1 target genes that include both positive (rho and vn) and gene activity can suppress egfr mutations and potentinegative (aos) regulators of the pathway. Activation of ate Grk signaling. Second, ectopic overexpression of Rho in follicle cells presumably leads to the activation Kek1 in follicle cells leads to severe ventralization identiof the Spi EGFR ligand, while activation of Aos within cal to effects seen in EGFR mutants, providing further the peak of EGFR activity at the dorsal anterior leads support of Kek1 as a negative regulator of the EGFR to repression of EGFR, effectively splitting the initial pathway. Finally, we provide biochemical evidence that peak of EGFR activity into two. This splitting of EGFR the inhibition of EGFR activity by Kek1 involves the direct activity eventually defines the domains where the dorsal association between the extracellular and transmemappendages will form. brane domains of Kek1 and the EGFR.
Our identification of Kek1, together with the studies Interestingly, kek1 is expressed in the eye and wing on Aos, indicates that there are at least two different imaginal discs in a pattern that is highly suggestive of negative regulators of EGFR activity in follicle cells. induction by the EGFR (Musacchio and Perrimon, 1996) . However, the regulation and function of Kek1 is distinct Although no obvious phenotypes have been described from those of Aos. aos is expressed only in response in these tissues in kek1 mutants, we found that overexto high levels of EGFR activity, while kek1 is expressed pression of kek1 in these tissues also generate phenoin a graded fashion. Further, loss-of-function phenotypes reminiscent to loss of EGFR activity (not shown).
types of kek1 and aos in follicle cells are different. In This suggests that the negative regulation of the EGFR the absence of kek1 activity, the spacing between the dorsal appendages is increased, while in the absence by Kek1 is not only restricted to oogenesis. ). Anof aos, the appendages are fused dorsally. Aos has been other inhibitor of an RTK pathway is Sprouty, which proposed to split the initial peak of EGFR activity into antagonizes the activity of the FGF receptor Breathless two (Wasserman and Freeman, 1998 
